Host antimicrobial mechanisms reduce iron availability to pathogens. Iron proteins influencing the innate immune response include hepcidin, lactoferrin, siderocalin, haptoglobin, hemopexin, Nramp1, ferroportin and the transferrin receptor. Numerous global health threats are influenced by iron status and provide examples of our growing understanding of the connections between infection and iron metabolism.
Introduction
The innate immune response serves as the first line of host defense against pathogens that have breached natural mechanical barriers such as the skin, mucus, and gastric acid. Cells of the innate immune response include monocytes, macrophages, neutrophils, and dendritic cells, which react rapidly to control pathogen growth and promote inflammation and development of adaptive immunity [1] . Initial identification of foreign invaders is governed by the interaction of pattern-recognition receptors (PRRs) with pathogen-specific motifs (e.g., peptidoglycan, lipopolysaccharide, flagellin, and viral dsRNA) known as pathogenassociated molecular patterns (PAMPs) or products of host cell damage (e.g., extracellular ATP) known as danger-associated molecular patterns (DAMPs) [1] . PRRs are separated into two categories, sensor and phagocytic based on the activation of pro-inflammatory signaling cascades or pathogen phagocytosis, respectively [2] . These innate pathways induce various antimicrobial mechanisms, including depletion of iron available to pathogens at the systemic and cellular levels. This review particularly focuses on the role of iron metabolism in the innate immune response. The first part summarizes the metabolism and proteins regulating iron status that affect innate immunity, and the second focuses on key global infectious diseases (tuberculosis, HIV, malaria, and trypanosomatid diseases) that are influenced by iron status.
Systemic Iron Metabolism
Iron's chemistry cycles between ferrous (Fe2+) and ferric (Fe3+) states to support the redox potential critical for oxygen and energy metabolism. Iron that is associated with heme represents the largest pool of in our body and is required for oxygen transport in hemoglobin, oxygen storage in myoglobin, and electron transport for cytochrome function in aerobic respiration. The second largest pool of iron is in the nonheme form stored in ferritin. When needed, iron can be released from ferritin to fulfill demands for oxygen transport and energy metabolism. This mechanism limits excess free iron that would otherwise generate reactive oxygen species. Circulating transferrin, which delivers iron to cells through receptor-mediated uptake, also provides a second storage pool that is more dynamic in nature than ferritin storage by distributing iron from storage sites (e.g., liver) to peripheral tissues (e.g., muscle, bone marrow, etc.) [3] .
Iron homeostasis must balance the needs for iron while limiting toxicity associated with the metal's absorption, utilization, and storage. Our body has developed a high degree of iron conservation such that iron is not eliminated from the body; rather the amount of iron present in the system is regulated at its point of entry from dietary iron. Uptake of iron into the intestinal epithelium involves the apical membrane transporter Divalent Metal Transporter-1 (DMT1). Export across enterocytes into circulation involves a second membrane transporter called ferroportin (Fpn). When iron is depleted from the body due to blood loss, for example, absorption from the diet is increased primarily through regulation of the transport activity of these two factors and their associated oxidoreductases which help to transport the appropriate ferrous or ferric form of iron. Iron entering the system binds to transferrin and is delivered by portal circulation to the liver. While any excess non-heme iron can be stored in liver ferritin, the immediate metabolic pool circulates bound to transferrin. Transferrin is bound by cell surface receptors and is internalized by receptormediated endocytosis to acidic compartments wherein iron is released. This mechanism delivers iron to peripheral tissues for metabolic purposes [4] .
The dominant site for iron utilization is the bone marrow for developing red blood cell hemoglobinization. The body has a substantial reservoir of iron in erythrocytes and 20 to 25 mg of iron is turned each day due to erythrophagocytosis of senescent red blood cells by macrophages in spleen and reticuloendothelial system (RES). This released iron can be recycled and either utilized or stored as needed; thus uptake of dietary iron is quite limited with only 1-2 mg/day required. There is a complex sensing mechanism that responds to the saturation of iron-binding by transferrin and other regulatory cues -including infection and inflammation -that help to tightly control iron metabolism to limit excess yet prevent deficiency. Hepcidin, the key iron regulatory hormone, along with other iron proteins involved in transport and regulation, underpin iron's key role in innate immunity to modulate the body's iron balance and in the battle against infection [5] . Figure 1 summarizes the relationships between different iron pools, regulation of homeostasis and the transporters involved.
Iron proteins influencing disease

Hepcidin
Hepcidin is not only a central player in the integration of iron metabolism but it also provides a critical connection with the immune response to infection and inflammation. Upon activation of sensor PPRs, secreted IL-6 induces hepcidin expression and release from the liver [6] . Its mechanism of action is to bind directly to the iron efflux protein ferroportin. This ligand/receptor coupling triggers two immediate consequences. First, hepcidin's interactions with ferroportin induces the internalization and lysosomal degradation of the transporter [7] ; thus, iron egress from duodenal enterocytes and macrophages is diminished, resulting in hypoferremia [6] . This systemic iron retention serves to deplete circulating iron that would otherwise be available to extracellular pathogens. Second, the protein kinase Jak2 becomes activated resulting in phosphorylation of not only ferroportin, but also the transcription factor Stat3. Hepcidin therefore can also induce transcriptional changes to modulate downstream acute cytokine-induced inflammatory responses [8] .
Disruption of the hepcidin/ferroportin axis is known to impact susceptibility to various bacterial and viral pathogens. Hereditary diseases of iron overload, or Types IIII hemochromatoses (Table 1) , are characterized by low levels of hepcidin, over-expression of ferroportin, macrophage iron depletion, and hyperferremia [9] . Type IV, or ferroportin disease, has some overlapping features because it results from mutations in the ferroportin transport protein. It has been postulated that increased plasma iron is responsible for the association of hemochromatoses with Vibrio vulnificus, Yersinia enterocolitica, and Escherichia coli infections [10] ; however, hemochromatoses have also been implicated in resistance to infection, particularly by intracellular pathogens. For example, Mycobacterium tuberculosis growth and iron acquisition was significantly impaired in iron-depleted macrophages isolated from patients with HFE-associated hemochromatosis [11] . Similarly, other models of ferroportin over-expression have exhibited impaired growth of intracellular Salmonella enterica, Chlamydia trachomatis, and Legionella pneumophila that could be reversed with the addition of hepcidin [12;13] . Thus, it is apparent that pathophysiological disruption of hepcidin's regulation of ferroportin has direct impact on nutritional iron available to extracellular and intracellular pathogens.
Lactoferrin
Lactoferrin, a potent chelator of ferric iron, is also involved in modulation of extracellular iron availability. Constitutively high levels of lactoferrin are found in most surface secretions, including tears, saliva, bile, and breast milk [14] . Pro-inflammatory cytokines such as TNF-α also induce the release of lactoferrin from neutrophilic granules at the site of infection [14;15] . Accordingly, the addition of exogenous lactoferrin has been shown to reduce pulmonary M. tuberculosis burden in a mouse model of iron overload [16] . The capacity of lactoferrin to sequester iron also has been implicated in the ability of patients with cystic fibrosis to control opportunistic Pseudomonas aeruginosa infection and biofilm formation [17;18] . Despite this direct link between exogenous lactoferrin and inhibition of bacterial growth, lactoferrin knockout mice do not display enhanced susceptibility to M. tuberculosis [19] , P. aeruginosa [20] , or Staphylococcus aureus [20] . However, neutrophils isolated from these mice exhibit a stimuli-specific defect in the oxidative burst [20] . This suggests that the exact role of lactoferrin in innate immunity has yet to be completely elucidated.
Siderocalin
Siderocalin, which is also known as lipocalin-2 or neutrophil-gelatinase-associated lipocalin (Ngal), is produced by neutrophil granules and in epithelial cells in response to the proinflammatory cytokine IL-1β [21] . Numerous pathogenic microorganisms secrete small organic siderophores to scavenge for iron. Siderocalin subverts this iron acquisition system through binding catecholate-type and salicylate-derived iron-laden siderophores such as enterobactin secreted by E. coli and mycobactin secreted by M. tuberculosis, respectively [22;23] . Consequently, the addition of recombinant siderocalin to culture media dramatically reduces growth of both by E. coli and M. tuberculosis [22;24;25] . Siderocalin knock-out mice exhibit increased susceptibility and mortality in response to E. coli and M. tuberculosis infections [24;26] . A recent study involving contacts of patients with active pulmonary tuberculosis revealed an inverse relationship between serum levels of siderocalin and infection [25] . Additionally, neutrophil deficient HIV-infected patients demonstrate a significant reduction in serum siderocalin when compared to healthy individuals that can be reversed with highly active anti-retroviral therapy [27] further implicating this protein in human disease outcomes. Endogenous ligands for siderocalin have been identified to include urinary catechol [28] and its relative 2,5-dihydroxybenzoic acid [29] . Thus, siderocalin also has an emerging role to sequester host systemic free iron within these complexes, thereby limiting its availability to pathogens.
Heme iron factors (hemoglobin, haptoglobin, hemopexin)
The vast majority of iron in the body serves as a co-factor bound to heme in hemoglobin. When released by cellular lysis, hemoglobin and heme are bound by haptoglobin and hemopexin, respectively. Both of these complexes can be taken up and cleared by macrophages, but they may also serve as iron sources for infectious agents such as Staphylococcus [19] , Leishmania [30] , Trypanosomes [31] , and Plasmodium falciparum [32] , the causative agent of malaria. In malaria and other infections, the host enzyme heme oxygenase-1 is induced to limit iron availability and to provide other anti-inflammatory functions [33;34] . Because heme present in red blood cells represents a rich iron source, many pathogens trigger hemophagocytic macrophages to engulf erythrocytes, providing a survival niche for growth (e.g., Influenza, Mycobacteria, and Salmonella) [35] .
Non-heme iron factors (TfRs, ferroportin and Nramp1)
Activation of phagocytes via PRRs and the Th1 cell-derived cytokine interferon-γ results in decreased expression of transferrin receptors and enhanced expression of the natural resistance associated macrophage protein-1 (Nramp1) and ferroportin [36] [37] [38] [39] . The transferrin receptor is the major pathway for delivery of iron to peripheral tissues through endocytosis of its ligand transferrin, which binds iron and circulates in plasma. Downregulation of the transferrin receptor limits the cell's ability to acquire transferrin-bound iron and concomitantly reduces the endosomal pool of iron accessed by intracellular pathogens such as L. pneumophila, M. tuberculosis, and Mycobacterium avium to restrict their growth [36;37;40;41] . Nramp1 was identified in mice with a mutation that conferred susceptibility to infections [42] , and loss of Nramp1 function in mice is associated with reduced inflammatory response to infection [43] . Certain mutations in the human gene also influence the response to infection and inflammation [44] . Nramp1 is a pH-dependent divalent metal transporter that localizes to phagosomal compartments and reduces intraphagosomal iron [45] and macrophage recycling of erythrophagocytosed iron is defective in Nramp1 knockout mice [46] . Functional Nramp1 is known to confer resistance to intraphagosomal parasites including Mycobacterium bovis BCG, Leishmania donovanii, and Salmonella typhimurium, whereas parasites that escape to the cytosol such as Listeria monocytogenes are unaffected by Nramp1 status [45;47] . Recent work has also demonstrated that the mobilization of iron by Nramp1 suppresses the expression of the inhibitory cytokine IL-10 and enhances macrophage production of iNOS further promoting microbial growth restriction [39;48;49] . Finally, the regulation of ferroportin expression at the cellular level opposes the systemic regulation mediated by hepcidin described above. Challenge with S. typhimurium or M. tuberculosis up-regulates ferroportin expression and reduces intracellular iron in isolated murine macrophages [48;50] . This is presumably a pathogen-specific localized response to limit intracellular iron but it is presently unclear as to how these opposing mechanisms are balanced in vivo.
Global diseases influenced by iron status
Tuberculosis
M. tuberculosis is a leading cause of infectious disease morbidity and mortality with approximately 8 million new cases and 2 million deaths reported annually [51] . M. tuberculosis is an intracellular pathogen that requires iron for growth and virulence. To ensure the metabolic demand for iron is met, M. tuberculosis has evolved numerous mechanisms to sequester host cell iron. Upon infection of alveolar macrophages, M. tuberculosis establishes a unique phagosomal compartment that retains the capacity to fuse with early endosomes but fails to fuse with lysosomes [52;53] . This allows for access to transferrin-bound iron, while preventing the bactericidal effects of low pH and lysosomal degradative enzymes [52;53] . Additionally, M. tuberculosis siderophore production is markedly increased in response to iron deprivation in culture and in activated macrophages [54] . These siderophores tightly bind available iron and return it to the M. tuberculosis via receptor-mediated internalization [55] . Mutant strains of M. tuberculosis with a targeted deletion of the siderophore biosynthetic machinery are unable to grow in iron-depleted media. Furthermore, these strains exhibit attenuated growth inside THP-1 monocytes, demonstrating the importance of iron acquisition for virulence [56] .
Both in vitro and in vivo models consistently have demonstrated that the addition of exogenous iron enhances mycobacterial growth [57] [58] [59] [60] . Disruptions in iron metabolism have also been shown to impact mycobacterial infection. β2-microglobulin knockout mice that exhibit tissue iron overload demonstrated enhanced susceptibility to M. tuberculosis infection that could be reversed with iron chelation using lactoferrin [16] . HFE knockout mice with a similar iron phenotype also exhibit enhanced susceptibility to mycobacterial infection [61] . These data appear to contradict the studies mentioned above showing irondepleted macrophages from HFE patients are resistant to M. tuberculosis growth; however, it is becoming more apparent that there is a complex relationship between iron status and macrophage effector function. Recent work has indicated that HFE knockout mice have a defect in the production of the pro-inflammatory cytokines TNF-α and IL-6 when challenged with Salmonella [62] . The reduction in these cytokines was associated with decreased enterocolitis and enhanced bacterial growth [62] . Additionally, the iron transporters Nramp1 and ferroportin have been shown to influence cytokine production and NO production in macrophages [49;62-65] . Therefore, in vivo, it is important to consider both the nutritional iron stores as well as immune cell function when evaluating disease outcomes.
Clinical studies also have characterized a strong association between iron status and tuberculosis. An early study conducted with iron-deficient Somali nomads demonstrated an increase in infections, including tuberculosis, upon oral iron repletion [66] . Subsequent studies in Africa have confirmed this link. Tuberculosis also has been associated with increased dietary iron [67] . Similar to experimental murine models, tissue iron overload in some African populations (also known as African iron overload) resulting from increased dietary intake of iron or non-HFE hemochromatosis is positively associated with morbidity and mortality from pulmonary tuberculosis [67] [68] [69] [70] . Finally, the efficacy of commonly used antimycobacterial drugs is compromised in mice with iron overload [59] . As the threat of drug resistant M. tuberculosis continues to increase, unraveling the relationship between host iron status and tuberculosis susceptibility may reveal new opportunities for therapeutic approaches or interventions.
Human immunodeficiency virus type 1 (HIV-1)
Approximately 30 million people worldwide are living with chronic HIV-1 infection. Progression of HIV-1 infection into acquired immunodeficiency syndrome (AIDS) accounts for nearly 2 million deaths annually [71] . Since the discovery of the HIV-1 retrovirus in the early 1980s, elucidation of the molecular mechanisms governing the viral lifecycle has demonstrated a requirement for host cell iron during replication.
Transcription of proviral DNA is initiated by the binding of host nuclear factor (NF)-kB to the NF-kB response element located in the transcriptional enhancer region of the HIV-1 5′-long terminal repeat (LTR) [72] . NF-kB is held latent in the cytoplasm through interaction with I-kB. Phosphorylation of I-kB by I-kB kinase targets it for degradation resulting in the translocation of active NF-kB into the nucleus. Treatment of hepatic macrophages with exogenous iron results in the activation of I-kB kinase and, subsequently, upregulation NFkB-mediated transcription [73] . Accordingly, treatment of persistently infected monocytes with the iron chelator deferoxamine limits HIV-1 reactivation by decreasing NF-kB activity [74] . These and other findings suggest that high iron status may negatively affect infection.
Elongation and translation of HIV-1 transcripts requires virally-encoded transcriptional activator (Tat) and regulator of viral gene expression (Rev) proteins, respectively. Treatment of T-cells with the iron chelator ICL670 reduces Tat and RNA polymerase II phosphorylation through disruption of iron-dependent kinases, resulting in a significant reduction in Tat-mediated transcription [75] . Recent work also has demonstrated that ferroportin over-expression inhibits HIV-1 Tat-mediated proviral transcription from genomic DNA through reduction of intracellular iron [76] . Similarly, iron chelation with ciclopirox and deferiprone prevents maturation of Rev cofactors and subsequently inhibits HIV-1 replication [77] .
Similar to bacterial pathogens, HIV-1 has evolved a mechanism to support host cell iron retention. The HIV-1 negative effector (Nef) protein is a virulence factor required for progression to AIDS. Nef has numerous functions including shielding infected cells from immune detection by down-regulating cell surface expression of major histocompatability (MHC) I molecules [72] . Nef also blocks the transport of HFE to the cell surface of cultured THP-1 monocytes. Functional HFE has been shown to increase [78;79] and decrease [80;81] intracellular iron stores in a cell type-dependent manner. Disruption of HFE trafficking by Nef results in iron retention in THP-1 cells as indicated by increased ferritin expression [82] . This increase in intracellular iron was associated with an increase in HIV-1 gag expression, suggesting a beneficial role for the Nef/HFE interaction in viral replication [82] . Additionally, human macrophages from patients with HFE-hemochromatosis were resistant to Nef-mediated iron accumulation [82] .
In vitro experimental evidence clearly defines the role of iron in HIV-1 replication. Clinical evidence also suggests an important relationship between host iron status and HIV-1 progression. Anemia has long been described as a sequela of HIV-1 infection that negatively impacts survival [83;84] ; however, several recent studies have demonstrated that elevated iron is positively associated with viral load [85] and mortality [86;87] . The fact that genetic polymorphisms in two separate iron regulatory genes (Nramp1 and haptoglobin) are also strong predictors of mortality provides additional support for the role of iron metabolism in HIV-1 infection [88] . In the context of HIV/AIDS, disruption of iron balance in either direction appears to be detrimental, which undoubtedly complicates current therapeutic interventions aimed at correcting anemia. Furthermore, the hypermutability of HIV-1 has contributed to drug resistance and has complicated vaccine efforts. In vitro chelation data suggest that new therapeutic avenues that target iron-dependent host factors may hold promise for combating these issues.
Malaria
Despite successful control efforts in many sub-tropical countries, P. falciparum still causes upwards of 200 million infections, and nearly 1 million deaths annually, a significant portion of which are children [89] . This vector-borne eukaryotic parasite displays a complex multistage life-cycle involving host hepatocytes and erythrocytes. Iron acquisition by replicating P. falciparum trophozoites involves the proteolysis of hemoglobin within red blood cells that eventually lyse. Activation of the immune system results in further destruction of parasitized and uninfected red blood cells, leading to severe anemia [90] . Recent evidence suggests that this anemia may be exacerbated by IL6-mediated release of hepcidin which reduces circulating iron that would otherwise be available for erythropoiesis [91;92] .
Because severe malarial anemia is associated with increased morbidity and mortality, iron supplementation was considered a logical intervention. However, early clinical and experimental studies aimed at characterizing the effect of host iron status on malaria outcomes reported conflicting results. The aforementioned study with Somali nomads found that iron repletion was associated with an increase in P. falciparum parasitemia [66] . A subsequent study in Papua New Guinea demonstrated that infants receiving parenteral irondextran had significantly higher malaria positivity rates at 4 and 10 months after injection, when compared to untreated infants [93] . Experimental infection of anemic mice also suggested that iron-deficiency was protective against Plasmodium chabaudi [94] . Iron chelation has been found to improve coma in children with cerebral malaria [95] . Ensuing studies contradicted these results. For example, oral iron supplements improved anemia without any significant impact on susceptibility to malaria in Tanzanian infants [96] . Similarly, no adverse consequences were observed when iron was given to Gambian children with acute malaria [97] . Finally, iron supplementation or deficiency had no impact on Plasmodium bergei infection in rats [98] .
More recent results obtained from a powerful study in Pemba, on over 24,000 children, demonstrated that iron supplementation of iron-replete subjects greatly increased risk of malaria-related and non-malarial adverse events, including death [99] . However, subjects that were iron deficient at the beginning of the trial were protected from adverse events [99] . This provides some clarification to the conflicting reports in that baseline iron status rather than supplementation alone significantly contributes to malarial outcomes. On account of this, the investigators in the Pemba trial suggested a re-evaluation of providing blanket iron supplementation to children in areas with high rates of malaria. It is clear that increased awareness of the role that iron sequestration plays during the immune response could greatly impact the burden of this disease.
Trypanosomatid diseases
Vector-borne trypanosomatid diseases including human African sleeping sickness, Chagas disease, and leishmaniasis are responsible for nearly 30 million infections and 150,000 deaths per year [100] . Iron is essential for trypanosomatid growth and its acquisition is species and lifecycle-dependent [101] .
Trypanosoma brucei gambiense and rhodesiense are the causative agents of African trypanosomiasis, with T. b. gambiense accounting for approximately 90% of all cases of sleeping sickness [100] . These parasites display an exclusively extracellular lifecycle, replicating in blood and tissue fluids. T. brucei obtains iron through receptor-mediated endocytosis of host transferrin [101;102] . The T. brucei transferrin receptor is a GPIanchored heterodimer encoded by expression site-associated genes (ESAG) 6 and 7 [102] . ESAG-6 and ESAG-7 are cotranscribed with the genes encoding the variant surface glycoproteins (VSG). There are approximately 20 VSG expression sites that contain functional ESAG-6 and ESAG-7 genes. T. brucei evades immune detection through the ability to alter cell surface expression of VSG by switching which VSG gene is active. This also allows for expression of variant transferrin receptors [102] . Because these variants have different affinities for transferrin, it has been postulated that expression site switching allows for adaptation to different mammalian host transferrin and thus expansion of the host range [102] . Chelation studies have also demonstrated the importance of iron in T. brucei growth. In vitro treatment of the bloodstream form of T. brucei with lipophilic chelators results in growth inhibition which is most likely due to reduced assimilation of iron into newly synthesized proteins [103;104] .
Chagas disease results from infection with Trypanosoma cruzi. This disease is also known as American trypanosomiasis as it is endemic in Central and South America [100] . T. cruzi replicates primarily within the cytoplasm of smooth, cardiac, and skeletal muscle cells [105] . Unlike T. brucei, little is known about the mechanisms of iron acquisition by T. cruzi. In vitro studies have demonstrated transferrin uptake via receptor-mediated endocytosis [106] . This may be a mechanism for iron acquisition in the bloodstream; however, the mechanism(s) governing cytoplasmic iron uptake remain unknown. Despite this, a relationship between host iron status and Chagas disease outcomes clearly exists. Early evidence from a murine model of T. cruzi infection demonstrated an increase in parasitemia and mortality associated with elevated iron stores that could be reversed with chelation [107] . Subsequent cell culture and animal models have confirmed this relationship [108] [109] [110] . Furthermore, a recent study has demonstrated enhanced efficacy of benznidazole (a drug of choice for the treatment of Chagas disease) in the presence of the iron chelator desferroxiamine [111] .
Leishmaniasis can present as a localized cutaneous infection or a systemic visceral infection. Visceral leishmaniasis is the most deadly form and can be caused by L. donovani, Leishmania infantum, and Leishmania chagasi, depending on geographic location [100] . Leishmania spp. are intracellular parasites that reside in macrophage phagolysosomes. Infection of murine macrophages with L. donovani decreases the cytoplasmic labile iron pool, resulting in enhanced stability of transferrin receptor mRNA and subsequent upregulation of the receptor [112] . This allows for more iron to be delivered to the phagolysosome. Iron released from transferrin in this compartment can be imported via the plasma membrane localized Leishmania iron transporter-1 (LIT-1). This member of the ZIP family of cation transporters is required for replication within the parasitophorous vacuole [113] . However, LIT-1 null mutants can persist within the skin of mice, suggesting an alternate source of iron can be utilized [113] . Recent work has demonstrated that a 46 kDa protein located in the flagellar pocket serves as a hemoglobin receptor [114;115] . Therefore, these parasites are capable of acquiring both non-heme and heme iron to meet their metabolic demands. Manipulation of host iron status through the use of chelators or supplemental iron has produce conflicting outcomes. For example, treatment of mice with desferroxamine for 2 weeks resulted in reduced L. chagasi burden in both the liver and spleen [116] . In contrast, parenteral iron supplementation protected mice against Leishmania major, however this outcome appears to be the result of an enhanced immune response as the oxidative burst was enhanced in the iron treated animals [117] .
Despite the obvious relationship between iron and trypanosomatids, there is a dearth of relevant clinical information regarding host iron status and African sleeping sickness, Chagas disease, or leishmaniasis. In fact, these diseases are among the most neglected diseases in the world [100] . As such, there are no vaccines and treatment relies solely on antiquated, and often toxic, chemotherapy [100] . The aforementioned advances in understanding trypanosomatid iron metabolism may provide insight into much needed new therapeutics.
Conclusion
Iron is an essential nutrient at the forefront of the battle between the human host and infectious microbes. Research efforts over the last 30 years have significantly advanced our understanding of iron acquisition in pathogens as well as host mechanisms aimed at sequestering iron from these invaders. Presently, there are no effective vaccines for tuberculosis, HIV-1, malaria, or trypanosomatid diseases. Additionally, drug resistance has been described in all of these microbes. As the utility of current chemotherapeutics declines, these diseases will continue to cause significant morbidity and mortality, especially among the impoverished. Therefore, it is imperative to consider new therapeutic interventions such as targeting host or pathogen iron metabolism in order to effectively combat these as well as other microbial killers. Dietary iron is taken up across intestinal enterocyte by a transport network that involves the apical importer DMT1 (Divalent Metal Transporter 1) and the basolateral exporter Fpn (Ferroportin). Iron circulates bound to Transferrin (Tf) and is delivered to cells by endocytosis of Tf receptors. Excess iron delivered to the liver is stored in ferritin (non-heme iron) while the majority of iron is utilization to manufacture hemoglobin (heme iron). As sensescent red cells are destroyed by macrophages in spleen and reticuloendothelial system, iron is recycle via Fpn. Entry of iron into circulation is controlled by hepcidin which is a regulatory hormone secreted by the liver, and also as part of the innate immune response. Hepcidin binds to Fpn, causing its internalization and ultimate degradation. Part of liver iron homeostasis detecting changes in iron status involves pathways sensing the saturation of circulating Tf and state of iron overload.
